Abstract. The ability to produce submicron particles of monoclonal antibodies of different sizes and shapes would enhance their application to pulmonary delivery. Although non-ionic surfactants are widely used as stabilizers in protein formulations, we hypothesized that non-ionic surfactants will affect the shape and size of submicron IgG particles manufactured through precipitation. Submicron particles of IgG1 were produced by a precipitation process which explores the fact that proteins have minimum solubility but maximum precipitation at the isoelectric point. Non-ionic surfactants were used for size and shape control, and as stabilizing agents. Aerosol performance of the antibody nanoparticles was assessed using Andersen Cascade Impactor. Spinhaler® and Handihaler® were used as model DPI devices. SEM micrographs revealed that the shape of the submicron particles was altered by varying the type of surfactant added to the precipitating medium. Particle size as measured by dynamic light scattering was also varied based on the type and concentration of the surfactant. The surfactants were able to stabilize the IgG during the precipitation process. Polyhedral, sponge-like, and spherical nanoparticles demonstrated improved aerosolization properties compared to irregularly shaped (>20 μm) unprocessed particles. Stable antibody submicron particles of different shapes and sizes were prepared. Careful control of the shape of such particles is critical to ensuring optimized lung delivery by dry powder inhalation.
INTRODUCTION
Monoclonal antibodies (mAbs) are gradually emerging as one of the most important therapeutic agents in medicine. However, because they are poorly absorbed across biological membranes, they have been generally delivered intravenously (1, 2) . The parenteral route has several disadvantages, including patient discomfort, potential high cost, and the risk of needlestick injuries (3) (4) (5) . The pulmonary route offers an excellent alternative especially for mAbs targeted towards local lung diseases. mAbs such as bevacizumab, anatumomab, benralizumab, enokizumab, mitumomab, oxelumab, and palivizumab have gained FDA approval for the treatment of lung diseases such as asthma, lung cancers, and respiratory syncytial virus infection.
Submicron particles in pulmonary drug delivery may offer many advantages such as: (1) potentially allowing access to alveolar tissue, (2) an achievement of enhanced solubility of the drug than its aqueous solubility, (3) decreased incidence of side effects, (4) improved patience compliance, and (5) the potential of drug internalization by cells (6) (7) (8) .
Currently, monoclonal antibodies are unable to benefit fully from the unique advantages offered by submicron particles in pulmonary drug delivery, mainly because of their labile molecular structure. The higher order structures of proteins, i.e., secondary, tertiary, and sometimes quaternary structures are stabilized by weak physical interactions such as hydrogen bonding, electrostatic attraction, van der Waal force, and hydrophobic interaction rather than the stronger covalent bond (5) . Antibodies are therefore susceptible to various stresses involved in the fabrication of submicron particles. Presently, submicron particulate systems used in drug delivery include: polymer-based drug carriers (including polymeric nanospheres, polymeric micelles, and dendrimers), liposomes, viral nanoparticles, and carbon tubes (9) . The processes involved in the fabrication of these particles often lead to degradation and sometimes loss of biological activity in the protein (10) (11) (12) . Further, some materials used to formulate these particles may have toxic effects and may not be viable for the development of therapeutic proteins (13, 14) .
There is therefore a need for newer fabrication technologies that could produce submicron particles of different sizes and shapes that could potentially enhance the pulmonary delivery of mAbs. We hypothesize that nonionic surfactants will affect the shape and size of submicron IgG particles manufactured through precipitation.
In this work, using IgG1 antibody as a model, an antibody precipitation technique to produce submicron particles was developed by exploring the fact that proteins have minimum solubility but maximum precipitation at the isoelectric point (15, 16) . The effects of non-ionic surfactants Tween 80, Tween 20, and Brij 97 on the size, shape, and stability of the particles were investigated using analytical techniques such as dynamic light scattering (DLS), scanning electron microscopy (SEM), size-exclusion high-performance liquid chromatography (SE-HPLC), and circular dichroism (CD). It has been previously reported that the molecular structure of surfactants does affect the self-assembly pattern of nanostructures (17, 18) . It was on that premise that we investigated the effects of non-ionic surfactants on the particle size and morphology of IgG nanoparticles produced by precipitation.
The effects of particles shape and size on aerosol performance of these submicron particles were investigated using Andersen Cascade Impactor (ACI) with both Handihaler® and Spinhaler® as model DPI devices.
EXPERIMENTAL SECTION Materials
Human polyclonal immunoglobulin G1 (IgG1) was supplied in an excipient-free lyophilized form by Equitech-Bio, Texas, USA. Polysorbate 80 (Polyoxyethylene (80) sorbitan monooleate), polysorbate 20 (Polyoxyethylene (19) sorbitan monolaurate), and Brij 97 (polyethylene glycol monooleyl ether) were supplied by Sigma-Aldrich, Saint Louis, Missouri. All other excipients and reagents were of reagent grades and were purchased from Fisher Scientific, Pittsburgh, Pennsylvania.
Methods

Manufacture of Protein Nanoparticles
Submicron particles were produced by dissolving different concentrations of the excipient-free human polyclonal IgG1 in 0.01 N HCl containing different concentrations of polysorbate 80 (Tween 80), polysorbate 20 (Tween 20), or Brij 97. Surfactant-free IgG dissolved in 0.01 N HCl was used as a control. The concentrations of IgG used were 5, 7.5, and 10 mg/mL, respectively. The mixture was then slowly titrated with 0.1 N NaOH to bring the pH of the mixture to 7 which is the iso-electric point of human IgG (as provided by the suppliers) while continuously mixing on a magnetic stirrer. At the iso-electric point, the mixture became turbid suggesting the precipitation of IgG particles. The colloidal suspension was then centrifuged using a microcentrifuge at 6500 RPM for 5 min. The supernatant was decanted and the pellet formed rinsed with double distilled deionized water in order to remove any unprecipitated IgG and unattached surfactant micelles.
Lyophilized samples were prepared by resuspending the particles in water by vortexing. The suspended particles were then snap-frozen using liquid nitrogen before being loaded into freeze dryer (Labconco Freezone 4.6, Missouri). Lyophilization was performed for 24 h. As control experiment, various concentrations of the surfactants used in the precipitation process were dissolved in 0.01 N HCl and titrated to pH 7 using 0.1 N NaOH. These were then used as controls in all the analytical procedures.
Percentage Yield of Nanoparticles
The percentage yield of submicron particles produced from the precipitation process was determined by taking samples from the supernatant following centrifugation and analyzing for protein content using UV absorption at 280 nm. Percentage yield was calculated as:
Total amount of IgG À unprecipitated IgG=total amount of IgG Â 100
Particle Size Analysis by Dynamic Light Scattering
The particle size analysis (by intensity) of the particles was performed by dynamic light scattering using Zetasizer Nano ZS (Malvern, UK). The pellets formed after centrifugation were thoroughly rinsed and resuspended in deionized water. The samples were then sonicated for approximately 5 min. Intensity autocorrelation was measured at a scattering angle (θ) of 173°at 25°C. The control samples (surfactants alone) described in the "Methods" section were also analyzed for particle size to see if the presence of micelles was interfering with the measurement. The Z-average and polydispersity index (PDI) were recorded in triplicate.
Scanning Electron Microscopy
The morphology of the manufactured particles and the unprocessed IgG was observed by scanning electron microscopy using the Zeiss Supra 50VP system (Zeiss, Germany). Powders were mounted onto aluminum stubs using doublesided adhesive tape and were made electrically conductive by coating in a thin layer of gold. The coated samples were then examined under a microscope operated at an acceleration voltage of 5 kV.
Protein Content by Absorbance at 280 nm
The IgG content in the particles formed was determined by constructing a standard calibration curve with unprocessed IgG with concentrations ranging from 0 to 3 mg/mL in 0.1 M acetate buffer pH 5. The UV absorbance of these solutions was measured at 280 nm. One mg/mL solutions of the dissolved particles were prepared and their "actual" concentrations determined by UV spectroscopy using the constructed calibration curve. IgG was determined as a percentage ratio of the "actual" concentrations to the theoretical concentrations (1 mg/mL). The experiment was repeated in triplicate for each sample. This was found to vary between 92% and 101%.
IgG Specific Binding Activity
ELISA was performed using a human IgG quantitation kit from Bethyl Laborotories Inc (Texas). Briefly, human IgG samples were reconstituted in 0.1 M acetate buffer (pH 5) at 250 ng/mL and were captured by the anti-human IgG antibody, which was pre-coated on the surface of in the microtiter wells following incubation for 60 min. Any unbound protein was washed off four times with the wash buffer. Biotinylated detection antibody was then added to the wells to bind to the captured human IgG and incubated at room temperature. After washing, 100 μL of horseradish peroxidase was then added to catalyze the colorimetric reaction with the chromogenic substrate 3, 3′, 5, 5′-tetramethylbenzidine. The reaction produced a blue-colored product in dark, which turned yellow when the reaction was terminated by the addition of dilute sulfuric acid. The absorbance of the yellow product was measured at 450 nm using a SpectraMax 340 (Molecular Devices, Sunnyvale, California). IgG standard curve was used in the 500-0.69-ng/mL range and was prepared by diluting the stock solution (500 ng/mL) with the dilution buffer provided by the supplier. Each sample was assayed three times (n03), and all reactions were carried out at room temperature.
SE-HPLC
SE-HPLC was performed using an Alliance HPLC System, Waters 2695 separation module (Waters, Massachusetts, USA) combined with a Waters 2998 Photodiode Array Detector. A TSK Gel 3000 SWXL column (300× 7.8 mm; Tosoh Corporation, Ohio, USA) was used. Twenty microliters of IgG, dissolved in 0.1 M acetate buffer (pH 5) at 1 mg/mL, was injected, and separation was performed at a flow rate of 0.5 mL/min using 0.2 M sodium phosphate (pH 6.0) as the mobile phase. UV detection was performed at 214 nm. Chromatograms were recorded using the Empower Pro® software. The control samples (surfactants alone) described in the "Methods" section were also analyzed to see whether they interfere with the UV detection at 214 nm.
Far-UV Circular Dichroism Spectroscopy
CD measurements were performed with Jasco J-810 Spectropolarimeter (Jasco, Maryland, USA) operating at 20°C using 0.5 mg/mL of reconstituted solutions of IgG particles in acetate buffer. CD spectra were obtained in the far UV region (260-190 nm) using a quartz cell of 0.1 path length in order to probe the stability of the secondary structure of the manufactured particles. A scanning speed of 50 nm/min with a 0.5-s response time was applied followed by five accumulations for each sample. The experiment was repeated in triplicate for each sample. Surfactants dissolved in the acetate buffer at corresponding concentrations were used as blanks. Signals from blanks were subtracted from sample signals. The CD signals were converted to mean residue weight ellipticity. The percent estimate of the secondary structure retained was predicted using the K2D2 software.
In Vitro Deposition Studies Using the Andersen Cascade Impactor
The in vitro deposition patterns of the IgG particles were assessed using the eight-stage ACI (Copley Scientific, Nottingham, UK) as previously described (20) and according to USP, 2008 specifications (19) . The flow rate (Q) through the ACI was set to 30 L/min using a flow meter model DFM2000 (Copley Scientific, Nottingham. UK). The pressure drop was set at 4 kPa. A 4-L inspiration volume was achieved by setting the timer so that t0[4×60/Q]s.
Using both Handihaler® (Boehringer Ingelheim, Germany) and Spinhaler® (Fison Pharmaceuticals, UK) as model devices, IgG powders containing an equivalent of 1 mg IgG were filled into the respective capsules before being loaded into the devices. The content of the capsule was then sampled by the ACI before collection of the plates on each stage and washing with 0.1 M acetate buffer pH 5. For each formulation, a total of six capsules were sampled. The content of IgG on each plate was quantified by UV absorption at 280 nm. The recovered dose was calculated as the total amount of drug recovered from the device, capsule, and the eight-stage impactor.
A table of cumulative mass% (as percentage of the total recovered emitted dose) versus effective cutoff diameter for each stage of the impactor was constructed. Fine particle fraction (FPF) was defined as the amount of IgG particles with aerodynamic diameter <5 μm. Analyses were run in triplicate and the data expressed as mean ± standard deviation.
RESULTS
Percentage Yield of Nanoparticles
The yields from all the preparations were approximately 85% irrespective of the type of the surfactant and the concentration of IgG in the precipitating medium. Table I reveal that the particles produced using this technology were in a size ranging from approximately 90 to 800 nm. Changes in the sizes of the particles were observed based on the type and concentration of the surfactant used. Table I reveals that the highest diameter (average of 795.7 nm) was produced by particles precipitated from the surfactant-free 5 mg/mL IgG solution (negative control). Upon the addition of Tween 80 to the precipitating medium, a concentration-dependent variation in size was observed. The smallest particles precipitated in the presence of Tween 80 from 5 mg/mL solution was when 0.1% w/v Tween 80 was added to the precipitating solution (average of 181.9 nm), while the biggest particles were produced in the presence of 0.3% w/v Tween 80 (average of 265.3 nm).
Particle Size Analysis
DLS data in
A more or less concentration-dependent variation in particle size was also observed with Tween 20 in the precipitating solution. When 0.1% w/v Tween 20 was added to the precipitating medium, particles with average of 403.5 nm in diameter were produced. In the presence of 0.2% w/v Tween 20, the particle size increased to 493.7 nm. The particle size stayed at an average of 493 nm when the concentration of the Tween 20 added was increased to 0.3% w/v.
When the concentration of the IgG in the precipitating solution was increased to 7.5 mg/mL, a concentrationdependent variation in particle size was also observed when the nanoprecipitation was performed in the presence of Tween 80 (Table I) . Table I reveals that as the concentration of Tween 20 in the 7.5 mg/mL IgG solution increased, the size of the particles produced increased from an average of 171.6 to 197.5 nm. The size of nanoparticles precipitated from the 10 mg/mL IgG solution is shown in Table I .
Particle Morphology
A conspicuous effect of the type of surfactant present in the precipitating medium on the shape of the particles produced can be seen in the SEM images. The unprocessed IgG as received from the supplier were irregularly shaped as seen in Fig. 1 (scale bar, 20 μm) . Particles precipitated from surfactant-free 5 mg/mL IgG looked spherical (Fig. 2) . Spherical IgG particles were formed when Tween 80 was used in the precipitating medium (Fig. 3) . Polyhedral IgG particles were formed from 5 mg/mL IgG when Tween 20 was in the precipitating medium (Fig. 4) . Spongy IgG particles were formed when Brij 97 was used in the precipitating medium (Fig. 5) .
IgG Specific Binding Activity
The specific binding affinity of the IgG in the particles was determined by ELISA. This procedure was adapted from a previously described method by Dani et al. (21) . Figures 6, 7 , and 8 show the percentage specific binding activity retained by the IgG in the particles as fraction of the unprocessed IgG. Particles precipitated from surfactant-free IgG solutions retained the lowest binding activity in comparison to particles precipitated from the corresponding surfactant-containing solutions. The binding affinity retained by IgG in particles precipitated from surfactant-free (negative control) 5 mg/mL IgG solution was approximately 70% (Fig. 6) . However, particles precipitated from corresponding IgG solutions containing 0.1%, 0.2%, and 0.3% Tween 80 retained approximately 109%, 108%, and 106% binding activity, suggesting that the presence of the Tween 80 in the precipitating solutions contributed to the retention of binding activity in the IgG particles. Similar trends were observed in the particles precipitated from solutions containing Tween 20 and Brij 97 (Figs. 7 and 8 ). It was interesting to see that for all the particles, irrespective of the concentrations and the type of surfactant used, particles precipitated from 5 mg/ mL generally showed superior binding activity in comparison to the corresponding particles precipitated from 7.5 to 10 mg/mL. In Fig. 6 , particles precipitated from the 5 mg/mL IgG solution containing 0.1% Tween 80 retained bioactivity of approximately 109%, while particles precipitated from corresponding solutions containing 7.5 and 10 mg/mL showed a retained binding activity of 90% and 80%, respectively.
SE-HPLC
The presence of monomers, soluble aggregates, and fragments in the reconstituted IgG particles was investigated using SE-HPLC. Figure 9 shows the SE-HPLC chromatogram of the unprocessed IgG. The peak at retention time of approximately 16 min represents the intact IgG monomer. The minor peaks at approximately 13 and 14 min suggest the presence of low levels of aggregates in the reconstituted unprocessed IgG. Peaks from all the reconstituted particles were similar to those seen in the unprocessed IgG.
The percentage monomer recovered from each nanoparticle formulation following reconstitution was determined and compared to that of the unprocessed IgG. Tables II, III, and IV show the percentages of the monomer recovered by SE-HPLC analysis. The percent monomer recovered from particles precipitated from 5 mg/mL IgG solutions ranged from 73% to 98% and 63% to 93% from 7.5 mg/mL solutions, while particles from 10 mg/mL IgG solutions had between 61% and 90% monomer recovery.
SE-HPLC data suggest that particles precipitated from 5 mg/mL IgG solutions had superior monomer recovery in comparison to the corresponding particles precipitated from 7.5 to 10 mg/mL solutions. Differences in concentrations of the surfactants did not seem to have an obvious effect on the percent monomer retained. However, the total relative recovery generally decreased as the concentration of the IgG solutions from which the particles were precipitated increased.
Far-UV Circular Dichroism Spectroscopy
The effects of the non-ionic surfactants Tween 80, Tween 20, and Brij 97 on the retention of the secondary structure of the IgG following the precipitation process were investigated using far-UV CD. Figure 10 reveals that the far-UV CD spectrum of the unprocessed IgG was characterized by a negative maximum at a wavelength of 218 nm and a positive maximum at 202 nm. These are characteristics typical for IgG because of their high β-sheet content (20) (21) (22) (23) . All the precipitated particles retained a β-sheet structure similar to the unprocessed IgG as seen in Fig. 10 . Table V shows the secondary structural contents of IgG particles generated from 5, 7.5, and 10 mg/mL IgG solutions. Data in Table V revealed that the unprocessed IgG contained approximately 41% β-sheet and 8% α-helix secondary structures. Following precipitation, most of the IgG in the particles precipitated from 5 mg/mL solutions retained similar secondary structure composition to that of the unprocessed IgG. However, major perturbations were found in IgG particles precipitated from 7.5 to 10 mg/mL IgG solutions.
Aerosol Performance Test Using ACI
Submicron particles generated from 5 mg/mL IgG solutions with or without 0.1% surfactant were compared to the unprocessed IgG particles in terms of aerosol performance. Table VI shows a summary of the aerodynamic particle size The FPF (<4.7 μm) of the unprocessed IgG particles was approximately 20% using Handihaler, while it was approximately 22% using Spinhaler. However, the surfactant-free particles had FPF of 53% using Handihaler. The FPF of these particles using Spinhaler (57%) was similar to that of the Handihaler, suggesting that the type of device used did not affect the aerosol performance of the nanoparticles. The SEM image of these surfactant-free particles in Fig. 2 reveals that they are predominantly spherical in shape. The particle size as measured by DLS was 515.7 nm, while the MMAD as measured by ACI was approximately 700 nm (0.7 μm) for both devices. Particles precipitated in the presence of 0.1% Tween 80 having similar spherical shape as the surfactant-free particles exhibited FPF of 55% using Handihaler and FPF of 53% using Spinhaler. The MMAD of the particle precipitated from 0.1 Tween 80 was 1.4 μm using Handihaler, while it was 1.9 μm using the Spinhaler. Particles precipitated in the presence of 0.1% Tween 80 and Brij 97 exhibited FPF of 68% and 67%, respectively, using Handihaler and 66% and 65%, respectively, using the Spinhaler. The MMAD of these particles were found to be similar as well, with both having MMADs of 0.8 μm using the Handihaler and 0.7 μm using the Spinhaler. Generally, there were similarities in the aerosol performance of the particles irrespective of the DPI device used. However, differences were found in the aerosol performance based on the type of particles.
DISCUSSION
Results presented above suggest that the precipitation process was able to produce submicron IgG particles of , and Brij 97 were used for size and shape control during the precipitation process. They were also applied as protein stabilizing agents to help protect the IgG against the relatively harsh precipitating environment. The concentrations of the surfactants used were many folds higher than their respective critical micelle concentrations (CMC) in water which are 0.0017%, 0.0075%, and 0.029% for Tween 80, Tween 20, and Brij 97, respectively. Non-ionic surfactants have been well documented as effective stabilizing agents for proteins (24) (25) (26) .
Generally, a surfactant concentration-dependent increase in particle size was observed for all particles. Another fascinating trend that was observed was the general decrease in the size of the particles as the concentration of the IgG in the precipitating medium increased from 5 to 10 mg/mL. This surfactant concentration-dependent increase in particle size exhibited by the particles could be attributed to an increasing influence of the surfactant in the self-association of the IgG molecules during the precipitation process. Previous report has shown that non-ionic surfactants interact with polymers (proteins are biopolymers) during self-association, especially when the surfactant is used at concentrations above its CMC. The presence of hydrophobic groups on the protein enhances the interaction between the protein and non-ionic surfactants (27) . We propose that, because surfactants have a natural tendency to self-assemble into micelles at concentrations above the CMC, they probably aid the self-association of the IgG by including the IgG in the self-assembly process since they exhibit hydrophobic interaction with the IgG. Further, the IgG may be incorporated inside the micelles as a particle and therefore take the shape of the micelles.
SEM micrographs (Figs. 1, 2, 3 , 4, and 5) showed that the morphology of the particles produced by the precipitation technology may be influenced by the type of surfactant incorporated in the precipitating solution. The change in particle shape may be attributed to the differences in the molecular structures of the surfactants used. It has been previously reported that the self-assembly pattern of nanostructures is influenced by the molecular structure of surfactants applied in the fabrication process, although the mechanisms through which this occurs are not yet fully understood (17, 18) .
Interestingly, the particle size data as provided by DLS seem marginally different from the size of the particles visually observed from the SEM micrographs. This is because the DLS measures the hydrodynamic diameter due to the solvent effect (28), while SEM only gives an estimate of the particle size and is not always accurate. Further, many biological compounds (e.g., liposomes and proteins) and engineered polymers (e.g., dendrimers) are invisible to SEM without heavy-metal staining procedures because these compounds do not deflect an electron beam sufficiently. For these "soft" particles, SEM does not always provide a relevant measure of particle size (29) .
It is important that the conformational structure of the IgG is maintained after the reconstitution of the particles in a buffer (if needed), or after going into dissolution in the body. It is also expected that these particles would go into dissolution at an acidic pH due to its isoelectric point (pI). It is well established that major perturbations in the conformational structure of a protein often lead to a reduction or even a loss of the biological activity of the protein (5, 21, 30, 31) . Further, soluble aggregates in protein formulations are undesirable (15, 16) . Further, should there be a need for the nanoparticles to be reconstituted before application; slightly acidic buffers would be the solvents of choice due to the pI of the antibody. It is therefore important that the IgG is stable at this pH following reconstitution. As shown in Fig. 9 , the unprocessed IgG (positive control) showed a prominent peak at approximately 16 min indicating predominantly the presence of monomeric IgG. Particles precipitated from 10-mg/mL solutions generally had lower monomer contents in comparison to the particles precipitated from corresponding 5-and 7.5-mg/mL solutions. This could be attributed to the relatively higher concentration of IgG in the precipitating solution. These results are consistent with the report previously published by Dani and coworkers (21) . Due to the increased proximity due to increased concentration, partially unfolded IgG molecules would have increased tendency to aggregate.
Surfactant-free IgG particles (negative control) generally produced high levels of fragments. Fragments formation may be attributed to the hydrolysis of the peptide bonds by the HCl that was used to precipitate the particles (35) (36) (37) . Following the addition of the non-ionic surfactant to the precipitating solution, particles formed were more stable (Tables II, III , and IV) in comparison to the particles precipitated from the surfactant-free solution. These results suggest that the non-ionic surfactants included in the precipitating solutions may help to stabilize the IgG during the precipitation process. The stabilization may be attributed to the hydrophobic interaction with protein molecules (24, 38, 39) . It is also possible that the surfactants form micelles around the IgG molecules during the precipitation process, thereby protecting them from the harsh precipitating environment.
Binding activity data presented in Figs. 6, 7, 8, and 9 seem to be consistent with the SE-HPLC data. Figure 6 reveals that Fig. 10 . Far-UV CD spectra from nanoparticles generated from 7.5-mg/ml IgG solutions in the presence of Tween 80. Negative control represents the surfactant-free IgG formulation
Tween 80 seems to improve the bioactivity of IgG in particles in comparison to the particles precipitated from the surfactant-free IgG solutions (negative control). Further, nanoparticles from 5-mg/mL solutions had superior binding activity to those precipitated from corresponding 7.5-and 10-mg/mL solutions (see Fig. 6 , 7, 8, and 9). This trend was quite consistent for the other surfactants as shown in Figs. 7 and 8. The specific binding activity results suggest that the monomer contents of the reconstituted particles had a great impact on their binding activity. The results obtained from reconstituted IgG particles are consistent with the published CD data for human IgG (19, 23) . K2D2 data in Table V suggest that the surfactants contributed to the retention of the secondary structure in the IgG nanoparticles. The particles precipitated from surfactant-free solutions irrespective of the concentration of the IgG showed major perturbations in their secondary structures. Generally, particles precipitated from 5-mg/mL IgG solutions had higher β-sheet contents in comparison to the corresponding particles precipitated from both 7.5-and 10-mg/mL solutions. We hypothesize that this was caused by the higher ratio of IgG to surfactants in these solutions of higher protein concentrations in comparison to the 5-mg/mL solution which obviously had lower ratio of IgG to surfactants in the respective solutions. Due to the relatively lower ratio of IgG to surfactants in the 5 mg/mL, more molecules of IgG were probably better protected by the surfactants than in the corresponding 7.5-and 10-mg/mL solutions suggesting that protein concentration is an important variable for ameliorating aggregation in this technology.
Table VI reveals the in vitro deposition patterns of IgG particles as analyzed by ACI using both Handihaler® and Spinhaler® DPI devices. Similar trends were observed for the aerosol deposition patterns of both devices. However, a shape-dependent difference in aerosol deposition pattern was observed. Previous report has shown that elongated and pollen-shaped particles tend to exhibit better flowability and higher FPF than spherical particles (40) . This is because elongated particles have longer suspended time in the air and can travel further in the lung airways (40) . Further, the sponge-like particles exhibited rough surfaces, and particles with rough surfaces tend to have improved flowability due to reduced van Der Waal forces because of reduced inter-particulate contact area (20) . This improved flowability ultimately leads to enhanced aerosol performance (40) .
CONCLUSIONS
Stable submicron IgG particles of different sizes and shapes were produced by a precipitation process using nonionic surfactants for shape and size control. Elongated and sponge-shaped particles were found to exhibit superior aerosol performance in comparison to spherical particles. Further work is ongoing to determine if this technology can be applied to other therapeutic monoclonal antibodies. 10 FPF fine particle fraction, MMAD mass median aerodynamic diameter from cascade impaction, GSD geometric standard deviation, ED emitted dose
